Angiogenesis is one of crucial processes associated with tumor growth and development, and consequently a prime target for cancer therapy. Although tumor endothelial cells (TECs) play a key role in pathological angiogenesis, investigating phenotypical changes in neovessels when a gene expression in TEC is suppressed is a difficult task. Small interfering RNA (siRNA) represents a potential agent due to its ability to silence a gene of interest. We previously developed a system for in vivo siRNA delivery to cancer cells that involves a liposomal-delivery system, a MEND that contains a unique pH-sensitive cationic lipid, YSK05 (YSK-MEND). In the present study, we report on the development of a system that permits the delivery of siRNA to TECs by combining the YSK-MEND and a ligand that is specific to TECs. Cyclo(Arg-Gly-Asp-D-Phe-Lys) (cRGD) is a well-known ligand to α V β 3 integrin, which is selectively expressed at high levels in TECs.
Introduction
Angiogenesis is a major cause in cancer progression and metastasis [1, 2] . Folkman et al. first proposed the theory that, to be supplied with oxygen and other nutrients, tumors with sizes over 1-2 mm 3 inevitably required angiogenesis, and that, if tumor vasculature development could be inhibited, tumor tissue would shrink, as the result of a lack of oxygen and other nutrients [3] . Since this publication, anti-angiogenic therapy has evolved as an innovative treatment for various cancers. A mono-clonal antibody against vascular endothelial growth factor (VEGF), which is referred to as Avastin, is currently used in the treatment of various types of cancer [4, 5] .
Small interfering RNA (siRNA) was predicted to be a potentially useful drug for this purpose, due to the ability to inhibit the expression of any genes of interest in a sequence-specific manner [6] . However, its instability in the blood and the low permeability of the plasma membrane requires drug delivery systems that target specific cells in order to achieve an effective therapy by siRNA [6, 7] . We previously developed a liposomal siRNA system, a multi functional nano-device (MEND) [8, 9] . In the past report, the use of a MEND composed of a pH-sensitive cationic lipid, YSK05 (YSK-MEND) caused a significant gene reduction in tumor tissue when intratumorally and intravenously injected into tumor-bearing mice [10, 11] . A number of pH sensitive siRNA carriers, such as liposomes [12, 13] , polyplexes [14] and micelles [15] , have been evaluated for use in tumor targeting. pH-sensitive carriers are generally thought to be more suitable for tumor targeting than conventional cationic carriers because of their highly specific fusiogenicity in acidic endosomes [16] . YSK05 consists of two linoleyl fatty acid chains and cleic acids using cRGD, several reports have appeared in which tumor growth was inhibited by the systemic injection of anti-tumor and/or anti-angiogenic oligonucleotides encapsulated in micells [21] and lipoplexes [22] [23] [24] . However, in almost all of those reports it was not clear whether siRNA was delivered to cancer cells and TECs, and no direct evidence showing that a gene reduction in TECs was mediated by RNA interference. In this study, we verified gene silencing by siRNA in TECs using quantitative RT-PCR (qRT-PCR) and rapid amplification of the 5' cDNA ends (5' RACE-PCR), which was the only method available for confirming RNAi-induced silencing [7] .
We chose renal cell carcinomas (RCCs) as a therapeutic model cancer through inhibiting angiogenesis, since it is well known that RCCs effectively respond to anti-angiogenic therapy [25] . Since RCCs are known to respond poorly to conventional anti-cancer drugs, interleukin-2 and interferon-α injection are currently the standard treatment for patients with progressive RCCs [26] . In recent years, however, novel agents targeting angiogenesis pathways have been developed as the result in advances in our understanding of tumor biology. Actually, Afinitor and Toricel (mTOR inhibitors) and Sutent (a multi kinase inhibitor) are currently being applied for metastatic RCCs in addition to Avastin.
Although anti-angiogenic treatment has had significant therapeutic effects for cancer progress and metastasis, it has been reported that some patients are refractory or acquire resistance to VEGF inhibition [27] . Several mechanisms are thought to be involved 
Materials and Methods Materials

Synthesis of cRGD conjugates
We synthesized cRGD-conjugated PEG (RGD-PEG) as previously reported [30] . In brief, cRGD peptide was incubated with NHS-PEG-DSPE in 20 mM phosphate buffered saline (pH 7.4, PBS) at 37°C for 12 h. The mixture was then subject to dialysis using Spectra Por 6 (MWCO 1,000 Da, Spectrum) to remove un-conjugated RGD. The molecular weight of the conjugate was determined by MALDI TOF-MS.
MEND preparation
YSK-MENDs were prepared as previously reported [10, 11] . Briefly, 1,500 nmol of YSK05, 750 nmol of POPE, 750 nmol chol and 150 nmol PEG-DMG were dissolved in 400 μL of 90% (v/v) aqueous tertiary butanol (t-BuOH). When the fluorescence was incorporated into the YSK-MENDs, 0.5 mol% (of the total lipid) DiD was added to the tubes and the organic solvent was removed by evaporation before the lipid solution was mixed. Two hundred μL of siRNA solution (concentration 0.8 mg/mL in 2 mM filter-sterilized citrate buffer (pH4.5)) was gradually added to the shaking lipid solution, and homogenous particles of liposomal siRNA were spontaneously formed by drastically diluting the siRNA-lipid mixture to 2 mL with 20 mM citrate buffer. The t-BuOH was then removed by ultrafiltration. For RGD-modification, a RGD-PEG solution was incubated with a YSK-MEND solution at 60°C for 30 min at various molar ratios (RGD-PEG/total lipid of YSK-MEND). The YSK-MENDs were characterized by a Zetasizer Nano ZS ZEN3600 instrument (Malvern Instruments, Worchestershire, UK).
The encapsulation efficiency and recovery ratio were calculated using RiboGreen (Invitrogen) as previously described [10] . siRNA encapsulation efficiency rate of all MENDs used in this study was over 90%. The sequences of the used siRNAs are shown in Supplemental Table S1 Cell culture OS-RC-2 cells and HEK293T cells were cultured in RPMI-1640 and DMEM, respectively. These media were supplemented with 10% fetal bovine serum, penicillin (100 U/mL) and streptomycin (100 μg/mL). TECs, which were previously isolated by Ohga et al. [31] , and HUVEC were cultured in EBM-2 medium supplemented with 2% FBS (v/v) and bullet kits (Lonza, Walkersville, MD). All cells were maintained at 37°C in a 5% CO 2 humidified atmosphere.
Evaluation of antigen expression
For evaluating the expression of α V β 3 integrin, 1.0 × 10 6 trypsinized cells were sus- 
Animal Study
Male, 4-week-old ICR mice and BALB/cAJcl-nu/nu were purchased from Japan SLC were injected via the tail vein 10 min before collecting. Tumor tissue was excised 24 h after injection of the YSK-MENDs, and then fixed with 4% paraformaldehyde (PFA).
Fixed tumor tissue was washed with 10%, 30% and 50% sucrose over night. Tumor tissue was embedded in OCT compound, and 16 μm thick slices were prepared on the slideglass SUPERFROST S9441 (MATUSNAMI) with CM-3050S (Leica, Wetzlar, Germany). Tumor slices were washed with PBS twice, and covered with a cover glass. The tumor slices were observed with a FV10i-LIV microscope.
Flowcytometry (FCM) analysis for the internalization of MEND into cells
To Cell Strainer (BD Falcon), and then centrifuged at 4°C for 3 min at 500 rpm after the addition of 10 mL of HBSS and the supernatant was removed. This "washing procedure" was repeated 2 times. To remove red blood cells, the centrifuged cells were incubated in Red Blood Cell Lysing Buffer (SIGMA Aldrich) for a several minutes at room temperature and the washing procedure was repeated once. Next, 1.0 × 10 6 cells were incubated with an anti mouse PE-labeled CD31 antibody (Biolegend, San Diego, CA) or PE-labeled Rat IgG2a, κ isotype control (Biolegend) for 30 min on ice. Cells were washed, and then analyzed with FACSCalibur 10 min after 7-AAD (IMGENEX, San Diego, CA) addition.
The 7-AAD-positive population was assumed to be dead cells and were gated out. Supplemental Table S1 .
Evaluation for gene silencing by qRT-PCR
Confirmation of RNAi-mediated gene silencing by 5' RACE-PCR
5' RACE-PCR for the detection of Cd31 mRNA cleaved by si-Cd31 was carried out as previously reported [11] . Briefly, GeneRacer Adaptor was ligated into cleaved Cd31 mRNA, and then reverse transcribed with Cd31 Gene Specific Primer by SuperScript III (Invitrogen). Next, cDNA was amplified by 2 times PCR (i.e. nested PCR) with 2 different sets of PCR primer (Ad5 outer and Cd31 outer primers for the 1st PCR, and Ad5 inner and Cd31 inner primers for the 2nd PCR). All oligonucleotides used in the procedure are shown in Supplemental Table S1 .
Results
Preparation and characterization of YSK-MEND modified with RGD-PEG (RGD-MEND)
The expression of integrin α V β 3 in two cell lines was determined by FCM ( Fig. 1 ). 
N.T.: non treatment
We next evaluated the optimal modification ratio of RGD-PEG into the YSK-MEND at 0-10 mol% against the total lipid. The lipid composition of the YSK-MEND was YSK05/POPE/chol/PEG-DMG (50/25/25/3, molar ratio), which showed the most efficient silencing effect in the in vitro cultured cell line [10] . The PEG-DSPE (without cRGD) modified YSK-MEND (PEG-MEND) was regarded as a negative control in the in vitro study. The characteristics of these RGD-MENDs are shown in Table 1 . In HUVEC, a 5.0 mol% modification facilitated the cellular internalization of the YSK-MEND to the greatest extent ( Fig. 2 ). However, a further increase was not observed when the modification ratio was 10 mol% against the total lipid. On the other hand, no change in the cellular uptake of nanoparticles was observed in case of HEK293T cells. We also carried out this cellular uptake experiment with RGD-modified liposomes (Fig. S1 ), and similar results were observed in FCM and CLSM studies. Taken together, we conclude that the RGD-incorporation ratio was 5.0 mol%. In addition, RGD-modification had no effect on the pH-sensitivity of the YSK-MEND (Fig. S2 ). Next, we evaluated the knockdown effect of RGD-MEND. Anti polo-like kinase 1 siRNA (si-PLK1) formulated into both RGD-MEND and PEG-MEND was added to HUVEC and HEK293T at a concentration of 11 -100 nM. Anti-luciferase siRNA (si-luc) was used as a negative control siRNA. The RGD-MEND reduced target gene expression in a dose-dependent manner, while the PEG-MEND caused no detectable changes in target gene expression in HUVEC (Fig.   3A ). In the case of HEK293T, however, neither the PEG-MEND nor the RGD-MEND induced gene silencing (Fig. 3B ). On the other hand, si-PLK1 transfection with
RNAiMAX significantly inhibited PLK1 expression in HEK293T cells (Fig. S3 ). This result clearly shows that HEK293T was not refractory to si-PLK1. Data represents mean ± SD. 
Localization of RGD-MEND after systemically injection
We next investigated the tumor accumulation of RGD-MEND intravenously injected into mice. Tumor distribution was observed by CLSM and FCM in order to detect the specific delivery siRNA to TECs, not tumor whole tissue. To evaluate the targeting potency of the RGD-MEND, we compared with active targeting RGD-MEND with a "cancer cell targeting" YSK-MEND (a conventional YSK-MEND), which was originally developed for silencing cancer cell genes [11] . Generally speaking, liposomes with a prolonged circulation time after systemic injection can passively accumulate and diffuse in tumor tissue through the enhanced permeability and retention (EPR) effect [32] . The EPR effect is caused by increasing vessel permeability and decreasing lymphatic drainage in tumor tissue due to the development of an aberrant tumor vasculature. The conventional YSK-MEND could circulate in blood stream as previously shown [11] , and consequently accumulated and spread in tumor tissue. Therefore, the non-active targeting conventional YSK-MEND achieved "cancer cell targeting" via the EPR effect, which resulted in a significant gene silencing in cancer cells. In addition, we previously Table 2 . Actually we were not able to observe the effective knockdown in TECs after the injection of the conventional YSK-MEND (Fig. S4 ). In TECs, the DiD signal was detected only in the group treated with the RGD-MEND (Fig. 4A ). In addition, the RGD-MEMD was co-localized with TECs (Figs. 4B, S5 ). However, the intravenously injected conventional YSK-MEND was not observed in TECs but was diffused over the entire tumor tissue. To demonstrate the effect of cRGD, we also investigated the targeting ability and the knockdown efficiency of the PEG-MEND (YSK-MEND modified with PEG-DSPE instead of RGD-PEG). The systemically injected PEG-MEND neither accumulated in TECs (Fig. S6A ) nor inhibited TECs-specific gene expression ( Fig. S6B ).
Regarding the distribution in other organs, a high accumulation of systemically administered RGD-MEND was detected in the liver, spleen and lungs (Fig. S7 ). 
Selective gene silencing of systemic administered RGD-MEND
We then evaluated the in vivo knockdown and therapeutic effect of the RGD-MEND. To specifically determine the extent of gene knockdown in TECs, Cd31, which is selectively expressed in both TECs and normal endothelial cells (ECs), was used. OS-RC-2-bearing mice were treated with anti Cd31 siRNA (si-Cd31) encapsulated in the RGD-MEND at a dose ranging from 0.5 to 4.0 mg/kg. As a result, the RGD-MEND caused a reduction in Cd31 expression in a dose-dependent manner while the si-luc encapsulated in RGD-MEND did not (Fig. 5A) . In contrast, RGD-MEND did not downregulate the gene in cancer cells (Fig. S8 ). Furthermore, we confirmed that this inhibition was caused by RNAi with 5' RACE-PCR (Fig. 5B) . As a result of a 5' RACE-PCR experiment, approximately 250 bp of PCR products were obtained at a dose of 4.0 mg/kg. Thus, the reduction in Cd31 expression can be attributed to an RNAi-mediated mechanism (Fig. 5C ). To evaluate the possibility that RGD-MEND injection causes side effects, we investigated the silencing effect of other organs' ECs. However, no inhibitory effect on the siR-NA-target gene was observed in these tissues (Fig. S9 anti-tumor effect via thorough inhibition of angiogenesis including RCCs [33, 34] .
Therefore, we chose VEGFR2 as a therapeutic gene in this tumor model. The sequence of the anti Vegfr2 siRNA was determined by comparing the gene silencing effect in cultured TECs (Fig. S10A) . Then, OS-RC-2-bearing mice were daily injected twice with the most effective anti Vegfr2 siRNA (si-Vegfr2) encapsulated in the RGD-MEND at a con-centration of 3.0 mg/kg. As a result, a significant Vegfr2 knockdown was observed in vivo ( Fig. S10B) . Additionally, si-Vegfr2 had no effect on the viability of OS-RC-2 itself ( Fig. S11) . Then, when we monitored tumor growth after 3 injections of si-Vegfr2 encapsulated in the RGD-MEND, a significant delay in tumor growth was observed (Fig.   6A ). The si-Vegfr2 treatment significantly lowered the amount of tumor wet tissue on day 17 compared to si-luc (Figs. 6B, C) . To investigate whether Vegfr2 suppression led to the inhibition of angiogenesis, vessels in tumor tissue were observed after 2 si-Vegfr2 injections of 3.0 mg/kg by CLSM (Fig. 6D) The anti-angiogenesis effect was then evaluated by counting pixels indicating vessels, the vessels were significantly decreased in the si-Vegfr2 group (Fig. 6E) .
To evaluate the toxicity of systemically injected 3.0 mg/kg of RGD-MEND, we monitored changes in body weight during the treatment and also measured liver toxicity. No body weight change was observed in the OS-RC-2-bearing mice (Fig. 7A ). Moreover, liposomal carriers sometimes severely injure the liver as liposomes tend to accumulate in liver. The activity of liver enzymes, AST and ALT, were not increased in the ICR mice at 24 h after the injection of 3.0 mg/kg MENDs (Fig. 7B ). 
Discussion
The cRGD peptide is a well-known ligand for both cancer cells and TECs. Although cRGD has been widely used as a targeting ligand for oligonucleotide delivery to TECs, there are few reports directly showing TECs-specific gene silencing mediated by siRNA.
In this study, we verified that the RGD-MEND is capable of inducing siRNA-mediated gene silencing in TECs and attempted to develop a cancer therapy through an anti-angiogenic effect by delivering siRNA.
As previously described, the apparent pKa of the carrier is a dominant factor for escaping from endosomes in pH responsive carriers [10] . After internalization via endocytosis, the YSK-MEND is rapidly converted into a cationic molecule in response to acidification in the endosomes, and, consequently, the endosomal membrane is disrupted by interacting with endosomal membranes with a negative charge. Therefore, it is important to adjust the pKa of the particle to around 6.5 in order to rapidly respond the declining pH in endosomes. The apparent pKa of the RGD-MEND was compared with the RGD-modified MEND. As a result, the pKa was around 6.5 and remained unchanged as the result of the modification of RGD ( Fig S2) . This suggests that the RGD-MEND would be able to efficiently escape from the endosome in response to endosome acidification after internalization mediated by α V β 3 integrin -RGD interaction.
Five mol% of RGD-modification resulted in the maximum cellular uptake in HUVEC cells, whereas additional RGD-modification had no further effect on uptake. This saturation might be due to fixed quantity of α V β 3 integrin present on HUVEC cells. In addition, it was previously reported that the PEGylation ratio in liposomes was, at most, 5.0 mol% [35] . Collectively, 5.0 mol% of RGD-PEG might be the optimized modification condition in both aspects of cells and siRNA carriers.
The above mentioned properties on internalization via α V β 3 integrin and pH responsive fusiogenicity allows RGD-MEND to achieve a significant level of gene silencing in TECs at a dose of si-Cd31 4.0 mg/kg (Fig. 5 ). Nevertheless, gene silencing was saturated at 50% of N.T. In addition, two injections of 4.0 mg/kg of the RGD-MEND failed to drastically improve gene silencing (data not shown). This saturation might be caused by a limited distribution of the RGD-MEND in tumor tissue. When the distribution in tumor tissue was measured after systemic injection of the RGD-MEND, the fluorescence derived from the RGD-MEND was detected in approximately 80% of the TECs (Fig. S5 ).
As the tumor vasculature is more heterogenous than normal tissue, blood flow is not sufficient in some parts of tumor vessels [36, 37] . This heterogeneity in blood flow could lead to a limited distribution of the systemically delivered RGD-MEND.
As gene silencing in endothelial cells in normal organs would cause undesirable adverse effects, we determined the extent of accumulation in plasma, liver, spleen, kidney and lung by the RI-labeled not-PEGylated YSK-MEND (MEND), the PEG-MEND and the RGD-MEND containing RIs were injected into ICR mice, and the radio activity of these tissues were then measured (Fig. S7) . Only the PEG-MEND showed a prolonged circulation time, while the others did not. Notably, a significant increased accumulation of RGD-MEND was observed in the spleen and lungs. The MEND accumulated most highly in the liver of three MENDs. The increased accumulation in the spleen can be attributed to platelets, which are abundant in the spleen. Platelets express α IIβ β 3 integrin, which has a relatively similar structure to α V β 3 integrin [38] . As cRGD can also weakly bind to the α IIβ β 3 integrin, the RGD-MEND may have accumulated in spleen.
Though the mechanism responsible for the high accumulation of RGD-MEND in lungs is currently unclear, the cRGD conjugated oligopeptide-plasmid DNA complex also accumulated at slightly higher levels in the lung compared to the un-modified version used in a previous report [39] . Thus, a modest higher accumulation in the lung must be accompanied by cRGD modification. Taking into consideration the fact that the highest accumulation was in the liver and an increased accumulation was found in the lungs and spleen, Cd31 gene silencing in these organs were evaluated 24 h after injection of the RGD-MEND. No significant gene reduction was observed in any of these organs (Fig.   S9 ). Although a modestly higher accumulation of the RGD-MEND in the spleen and lungs was observed, there is little possibility that the systemic injection of RGD-MEND induced side effects in other organs. In the case of present anti-angiogenic agents, the inhibitory effect on angiogenesis in normal tissue, except for tumor tissue, can lead to an unfavorable influence. For example, Avastin can induce mortal side effects, such as bowel perforation and pulmonary hemorrhages because Avastin can inhibit VEGF signaling in normal tissue, which is required for the maintenance of healthy blood vessels [40, 41] . In contrast, since the RGD-MEND could selectively suppress gene expression in tumor tissue, its use should be safer than the currently used anti-angiogenic agents.
Although OS-RC-2 cells were α V β 3 integrin positive (data not shown), no significant knockdown was observed in cancer cells (Fig. S8 ). The failure of cancer cell gene si-lencing was probably due to the lack of spreading of RGD-MEND in tumor tissue. Actually, almost all of the RGD-MEND appeared to remain in tumor vessels in the CLSM result ( Fig. 5B ). Although long-circulating liposomes can accumulate in tumor tissue after intravenous administration via the EPR effect as described above, the RGD-MEND failed to accumulate and diffuse in tumor tissue because of the instability of the RGD-MEND in the bloodstream (Fig. S7) .
Although some groups reported on the therapeutic effect of cRGD itself, the injection of RGD-MEND encapsulating si-luc failed to inhibit tumor growth ( Fig. 6A ). In the reports dealing with the therapeutic effects of cRGD, the dosage of cRGD was 10-30 mg/kg [19, 42, 43] . On the other hand, the amount of cRGD was 1.6 mg/kg in the case of 4.0 mg/kg of cRGD-MEND. These facts suggest that the amount of cRGD on the RGD-MEND was insufficient to produce a curative effect. In contrast, tumor growth in the group treated with si-Vegfr2 was markedly delayed. To exclude the possibility that si-Vegfr2 led to cell death in OS-RC-2 cells themselves, we examined the effect of si-Vegfr2 transfection to OS-RC-2 cells on viability. When OS-RC-2 cells were treated with si-Vegfr2 and si-luc, no detectable reduction in cell viability compared to N.T. was found in both groups (Fig.   S11 ). These results suggest that the injection of si-Vegfr2 inhibits tumor growth via angiogenic gene knockdown in TECs.
